Introduction
Due to the depletion of high grade iron ore, it is extremely required to utilize low grade iron ore in the sintering process for producing high quality sinter ore. In sintering process of fluxed iron ore, calcium ferrite is formed by reacting iron ore with limestone. It is well known that incongruent melting to form adhering layer among particles is originated from calcium ferrite. 1) Because the formation behavior and solid solution limit of calcium ferrite have significant effects on the strength and reducibility of the iron ore sinter, [2] [3] [4] calcium ferrite is one of the most important phases to be considered for higher quality sinter at lower temperatures from the viewpoint of saving of cost and energy.
According to the previous researches, [5] [6] [7] [8] [9] [10] [11] calcium ferrite has a structure of solid solution of complex oxide with gangue contents such as SiO 2 and Al 2 O 3 . The phase formed is called Silico-Ferrite of Calcium and Aluminum (SFCA). The SFCA phase is classified into two types. One contains a low-Fe and high-Si and the other does a high-Fe and lowSi which is called SFCA-I.
11) Inoue and Ikeda 1) investigated the solid solution and structure of SFCA phase by using EPMA and XRD. They concluded that SFCA phase has the structure of CaO·3Fe 2 O 3 -CaO·3Al 2 O 3 -CaO·SiO 2 ternary system and the solid solution limit of SiO 2 is 12.5 mol%. Patrick and Pownceby 10) also studied the structure of SFCA phase by EPMA analysis of quenched samples. The analyzed composition of SFCA phase did not match with the ternary system suggested by Inoue and Ikeda. 1) They suggested that it is due to Fe 2+ cation which is formed by the substitution of cations and these data were fitted with CaO·3Fe 2 O 3 -CaO·3Al 2 O 3 -4CaO·3SiO 2 ternary system by combining the results of Fe 2+ analysis. Taguchi and Otomo 7) produced synthesized sinter samples for reduction experiment. They described that the possible structure of SFCA phase is two binary systems of SiO 2 -CaO·3(Fe,Al) 2 O 3 and SiO 2 -CaO·2(Fe,Al) 2 O 3 , and used this condition to evaluate the phases of synthesized samples. Recently, Sugiyama et al. 11) reported the crystal structure of SFCA phase containing MgO from the viewpoint of atom coordination. They suggested that SFCA phase has the structure of aenigmatite, which has the formula of Ca 2 (Ca,Fe,Mg,Al) 6 (Fe,Al,Si) 6 O 20 , and that Fe 2+ forms by substituting for other cations. However, an evaluation standard is not clearly defined and many authors did not show precise phase compositions in most of the previous researches. Furthermore, the proposed structure and formula of SFCA phase and treatments of raw experimental data are entirely different depending on each research. Considering these facts, the phase observed in a sample cannot clearly be identified as whether it might be a SFCA or other phases. If an explicit evaluation standard could be established, it helps to analyze raw experimental data. And it might be possible to design an optimal sintering process which can utilize various characteristic properties of SFCA phase. In the present study, attempts were made to investigate the evaluation standard of SFCA phase by arranging raw experimental data of compositions.
Data Plot in the Quaternary Diagram
If SFCA phase has the structure of solid solution comprising three compounds of CaO·3Fe 2 O 3 , CaO·3Al 2 O 3 and 4CaO·3SiO 2 in the CaO-SiO 2 -Fe 2 O 3 -Al 2 O 3 system, the compositional data of SFCA phase in the quaternary diagram should be on the plane comprising the ternary and that obtained data can be evaluated by the distance between the plot and the plane. For example, the calculation was conducted for the EPMA analysis results of Wang et al. 8) and they were plotted in the quaternary diagram of the CaOSiO2-Fe2O3-Al2O3 system. Since Fe 2+ and Fe 3+ content were not analyzed separately, all the Fe content were treated as Fe 3+ to form Fe2O3. Mg content was converted to Ca. (1) where N means a molar fraction of each oxide. D was calculated as dimensionless value and its value is based on the value of molar percentage of oxides, in other words, the distance of a hundred corresponds to the side length of a tetrahedral diagram. Positive and negative distance correspond to low and high CaO side of the CaO·3Fe2O3-CaO·3Al2O3-4CaO·3SiO2 plane in the quaternary diagram, respectively, as schematically shown in Fig. 1 . Figure 2 shows the data plot in the CaO-SiO2-Fe2O3- . Then, the actual distance will decrease in the diagram. Most of the data can be adjusted to be on the plane by this displacement because they are located in low CaO side of the plane. In the case of the molten slag, it is well known that the amount of Fe 2+ increases in low basicity and decreases in high basicity. [12] [13] [14] Figure 3 shows the relationship between the distance and basicity. In this figure, the basicity was defined by
The tendency in this graph can be explained by assuming that Fe cation in SFCA phase would behave as similarly as that in the molten slag. It is believed that the distance is related with the amount of Fe 2+ and that negative distance is not available for SFCA phase since some amount of Fe 2+ cations will be formed in SFCA phase.
Data Arrangement with Formula of SFCA Phase
As previously mentioned, some possible formulas of SFCA phase have been suggested. If these formulas were acceptable, the coefficients of formulas converted from the composition of raw experimental data should be consistent values. And appropriate criteria should be set to apply the data located close to the boundary. Calculation of the coefficients and investigation of the criteria were conducted for the two formulas referred above. The raw data of Wang et al. 8) were also employed for calculation due to the similar reason.
Stoichiometric Formula of Aenigmatite
Chemical compositions of the data were converted by the following formula of aenigmatite suggested by Sugiyama et al. 4) .... (5) From the analyzed result of each composition, the minimum value of the calculated coefficients was defined to be the variable A. Figure 4 shows the distribution of the data with variable A. As shown in this figure, it can be believed that the most dominant number of the data is equal to zero of variable A. If the variable A is negative, it obviously conflicts with mass balance. Therefore, if variable A is higher than or equal to zero, the data would be defined to be "Possible A". Figure 5 shows the evaluation result for the data plotted in the quaternary diagram. In this figure, open diamond symbols (◇) represent the data satisfying criterion of "Possible A" and solid triangle symbols (▲) do not stand for aenigmatite. The space of the data of "Possible A" is clearly shown in this figure.
In the calculation of converting the compositional data to the formula of aenigmatite, the compositions of Fe 2+ were also calculated as one of the coefficient, YF′. In addition, it was previously mentioned that the distance between the plotted data and plane is related with the amount of Fe 2+ . Since the formula of aenigmatite is completely identical to the compositions on the plane of the CaO·3Fe2O3-CaO·3Al2O3-4CaO·3SiO2 system, these two evaluation criteria are basically equivalent. However, the results in Figs. 2 and 5 are different each other. Although all of the data satisfying the criterion of "Possible A" have positive distance, some of the data having positive distance do not satisfy the criterion of "Possible A" due to lack of Ca component. That is, since the value of XC is fixed to be 2, that of YC becomes negative for the data with very low CaO (very high Fe2O3). It can be considered that these data are the solid solution of SFCA phase and iron oxide. The relationship between the coefficient of Fe 2+ and the distance for the data satisfying the criterion of "Possible A" is shown in Fig. 6 . It can clearly be seen that there is a linear relationship between the two. From the result, the distance is believed to correspond to the amount of Fe 2+ in SFCA phase.
Acceptable Formula of Calcium Ferrite
In order to simplify the arrangement, only the data satisfy- Fig. 3 . Relationship between the distance and basicity. ing the criterion of "Possible A" were used for the calculation in this chapter. According to the evaluation by Taguchi and Otomo, 7) the chemical compositions of the data were converted to the formula of SiO2-CaO·m(FexAl1-x)2O3. MgO was treated as CaO. The calculation results are graphically displayed in Fig. 7 . It means that the composition of SFCA phase should exist between the two planes of SiO2-CaO·2Fe2O3-CaO·2Al2O3 and SiO2-CaO·3Fe2O3-CaO·3Al2O3 system in the quaternary diagram. If this condition is accepted, the space of SFCA phase would shrink furthermore as shown in Fig. 7 . In the evaluation by Taguchi and Otomo, the value of m is strictly limited in the range between 2 and 3. Distribution of the data satisfying the criterion of "Possible A" with value of m is shown in Fig. 8 . The highest frequency of data is located around 1.9, which does not satisfy the evaluation standard by Taguchi and Otomo. In order to include the data of highest number as SFCA phase, the range of value of m should be extended.
All of the data satisfying the criterion of "Possible A" do not exist on a lower CaO side with respect to SiO 2-CaO·3Fe2O3-CaO·3Al2O3 plane. On the other hand, most data exist on a higher CaO side with reference to SiO2-CaO·2Fe2O3-CaO·2Al2O3 plane. Therefore, the evaluation criterion should be adjusted furthermore. By using the value of m and the criterion of m (Cm), the data satisfying the following condition can be evaluated to be "Possible B". ............... (6) In this equation, the range of variable m can be extended if necessary. From Fig. 8 , it is obvious that the number of data satisfying this evaluation would increase if Cm(low) were slightly increased. In the present result, number of the data satisfying both criteria of "Possible A" and "Possible B" would increase by 28% if Cm(low) were increased from 0 to 0.1. If this evaluation is employed, new criterion should carefully be corrected. In addition, the value of m might correspond to the dominant formula of calcium ferrites such as 2CaO·Fe2O3, CaO·Fe2O3, CaO·2Fe2O3 and CaO·3Fe2O3. Correlation between the evaluation criteria of SFCA phase and XRD analysis could be investigated in future study.
Conclusions
Some evaluation methods were applied to arrange the EPMA analysis data of sinter samples. Clarified tendencies can be summarized as follows.
(1) Compositions of SFCA phase exist in low CaO side of CaO·3Fe2O3-CaO·3Al2O3-4CaO·3SiO2 plane in the CaO-SiO2-Fe2O3-Al2O3 quaternary diagram. The distance between the plotted data and plane decreases with increasing basicity.
(2) Compositions of SFCA phase can be converted to the formula of Ca2(Ca,Fe,Mg,Al)6(Fe,Al,Si)6O20 without any conflict. Most of the compositional data were accepted. Calculated composition of Fe 2+ corresponds to the distance mentioned above.
(3) From the conversion of the compositions to the formula of SiO2-CaO·m(FexAl1-x)2O3, a peak exist around 1.9 of value of m. The value of m might not lie in between 2 and 3 as suggested by Taguchi and Otomo and the range of variable m should be corrected.
By using these criteria, the compositional data of SFCA phase can be extracted from the results of EPMA analysis. In addition, it is indicated that the compositions of Fe 2+ in SFCA phase might be obtained. If the composition of Fe 2+ is related with the basicity of each result, Fe 2+ is likely to be derived from the molten slag. Combining with other results about the molten slag formed in sintering process will help to identify various phases found in observation results and to clarify the reaction mechanism. 6 . Relationship between the distance and the coefficient of Fe 2+ in aenigmatite formula for the data satisfying the criterion of "Possible A". Fig. 7 . Evaluation results using acceptable formula suggested by Taguchi and Otomo 7) for the data satisfying the criterion of "Possible A". 
